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Edited by Hans EklundAbstract Recombinant ferritin from Pyrococcus furiosus ex-
pressed in Escherichia coli exhibits in EPR monitored redox
titrations a mixed valence (Fe3+–Fe2+) S = 1/2 signal at interme-
diate potentials that is a high-resolution homolog of the ferrox-
idase signal previously described for reconstituted horse spleen
apo-ferritin. P. furiosus reconstituted apo-ferritin reduced to
intermediate potentials exhibits the same mixed-valence signal,
which integrates to close to one spin per subunit. The reduction
potentials of +210 and +50 mV imply that the iron dimer is a
stable prosthetic group with three redox states.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Ferritins are small alpha-helical proteins that polymerize
into 24-mers, or 12-mers, in the shape of a hollow shell of inner
diameter 8 nm, or 4.5 nm. Ferritins occur ubiquitously in nat-
ure possibly in all forms of life. They are structurally subdi-
vided into ferritins per se, bacterioferritins with a heme
group, and so called DNA protecting proteins from starved
cells, Dpss, which form 12-mers. All ferritins have the cata-
lytic capacity to oxidize Fe(II) ions and to form, inside their
shell, a ferrihydrite mineral core of circa 500 (12-mer) to
3000 (24-mer) Fe(III) ions and oxygen with approximate com-
position Fe2O3 Æ 0.5H2O. The core may also contain oxoa-
nions, notably phosphate, and metal ions other than iron,
notably manganese. Fe(III) from the core is re-mobilized and
released by reduction. Ferritins may function in vivo in iron
homeostasis, through storage and release, and/or in protection
against oxidative stress [1,2].
Mainly on the basis of crystallographic studies it is now gen-
erally accepted that all ferritins carry a dinuclear iron-oxo cen-
ter in their intrasubunit ferroxidase site [3–5]. Furthermore,
eukaryotic ferritins have been proposed to employ protein
based redox groups, presumably radicals, for their action [6–8].
There are several methods to study the redox chemistry of
enzymes. The most common one is the thermodynamic equi-
librium method of stepwise chemical reduction/oxidation in*Corresponding author. Fax: +31 15 2782355.
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with spectroscopic monitoring of the prosthetic groups [9].
Limited resolution of optical spectra and interference of col-
ored mediators usually makes EPR spectroscopy the monitor
of choice. Remarkably, although ferritins have been studied
with EPR for almost four decades, EPR monitored redox titra-
tions have never been reported. However, intermediates in core
formation have been followed with EPR [7], Mo¨ssbauer
[10,11], and XANES spectroscopy [12]. Also, coulometric
and voltammetric studies of ferritins have been reported
[6,8,13–17].
Here, we explore the possibility to study redox properties of
iron clusters of ferritin via equilibrium EPR redox titrations of
the Pyrococcus furiosus ferritin.2. Materials and methods
Pyrococcus furiosus ferritin was obtained after overexpression in
Escherichia coli as previously described [18]. The as isolated protein
in 50 mM HEPES, pH 7.5, and 0.25 M NaCl contains circa 0.7 iron
ion per subunit. This preparation was used in reductive (sodium dithi-
onite) and oxidative (potassium ferricyanide), dye-mediated titrations
following [9]. EPR spectroscopy was done on a Bruker ER 200 D spec-
trometer and spectral simulation using the g-strain formalism was as
described in [19]. The apo-ferritin (<0.04 Fe per subunit) was prepared
by reductive demetallation in the presence of 2,2 0-bipyridyl [10]. From
apoprotein the mixed valence protein was prepared by aerobic incuba-
tion with Fe(II) followed by anaerobiosis, and then anaerobic addition
of Fe(II) as described in [20,21]. Incubation time was 15 min in all
cases. Alternatively, apoprotein was loaded for 0.5–48 h with 48 Fe(II)
under air and subsequently partially reduced with sodium dithionite in
the presence of dye mediators to an intermediate potential of circa
+130 mV.3. Results
3.1. A high-resolution S = 1/2 signal from (Fe3+–Fe2+)
When P. furiosus ferritin as isolated is titrated with sub-
stoichiometric additions of dithionite in the presence of
mediators a signal appears at intermediate redox potentials,
which subsequently disappears at low potential. The signal
shown in Fig. 1A has a number of properties that identify
it as coming from a mixed valence dinuclear iron-oxo clus-
ter: (i) all g-values are below 2; (ii) the signal is not satura-
ble with high microwave power, up to 200 mW, down to a
temperature of 9 K; (iii) the linewidth is relatively broad;
(iv) the signal rapidly broadens with increasing temperature;
it is broadened beyond detection above 20–25 K (not
shown).blished by Elsevier B.V. All rights reserved.
Fig. 1. EPR spectrum of the S = 1/2 signal from the mixed-valence
dinuclear iron-oxo cluster in P. furiosus ferritin. Trace A: ferritin as
isolated reductively titrated to +144 mV; trace B: simulation of trace
A; trace C: apo-ferritin with one Fe(III) and two Fe(II) per subunit;
trace D: apo-ferritin with two Fe(III) per subunit reductively titrated
to +145 mV. EPR conditions: microwave frequency, 9428 MHz;
microwave power, 80 mW; modulation frequency, 100 kHz; modula-
tion amplitude, 12.5 G; temperature, 9–11 K. Simulation parameters
for trace B were g-values 1.80, 1.838, 1.946 (component I) and 1.77,
1.838, 1.923 (component II); line widths in g-value units 0.020, 0.013,
0.010; the intensity ratio of component II over I was 0.7.
Fig. 2. Derived curve for the binding of iron to the putative
ferroxidase site in P. furiosus apo-ferritin. The protein was ﬁrst
aerobically incubated with varying amounts of Fe(II); subsequently,
each sample was individually anaerobically titrated in the presence of
mediators to a potential of circa +130 mV. The amplitude of the EPR
signal form the mixed valence dinuclear iron center is plotted versus
added iron indicating saturation at circa two Fe per subunit.
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spleen ferritin upon an aerobic/anaerobic incubation sequence
with Fe(II), however, that signal has a signiﬁcantly greater line
width resulting in a single, asymmetrical line [7,20,21]. The P.
furiosus signal does not only have a well resolved axiality (i.e.,
gz  gxy linewidth) but it even bears indication of extra lines
suggestive of signal multiplicity and/or magnetic interaction.
The signal can be reasonably accounted for by simulation
(Fig. 1B) assuming two slightly diﬀerent rhombic species of
comparable intensity.
3.2. Three distinct ways to make the (Fe3+–Fe2+) cluster
The ﬁrst way to create the mixed-valence state is the titration
of as isolated proteins just described. The second way follows
the original procedure on horse spleen ferritin to incubate apo-
protein aerobically with 0.5 Fe(II)/subunit, and then incubate
with 5 Fe(II)/subunit anaerobically [20]. We applied this proce-
dure to P. furiosus apo-ferritin (<0.04 Fe/subunit) by adding
diﬀerent ratios of Fe(II)/subunit in the aerobic and subsequent
anaerobic incubation, namely: 0.25 + 5, 1 + 2, 1 + 1, 2 + 1,
5 + 0.25. In all cases a mixed-valence cluster signal was found,
however, the integrated EPR intensity (circa 0.64, 0.86, 0.04,
0.17, 0.54 spins per subunit) did not appear to bear a simple
relation to the ratio of ferric/ferrous iron, perhaps suggesting
a kinetic bottleneck in cluster formation via this protocol.
The spectrum of highest intensity obtained with 1Fe(III) +2Fe(II) is given in Fig. 1C, and it can be seen to be virtually
identical in shape to the spectrum of reductively titrated as
isolated ferritin.
As a third way to produce the mixed-valence cluster, apo-
ferritin was incubated aerobically with two Fe(II) per subunit
for various times of 0.5–48 h, and each individual sample was
subsequently reductively titrated in the presence of mediators
to a potential of circa +130 mV. The resulting spectrum is in
trace D of Fig. 1, and it is again virtually identical to the spec-
trum of titrated as isolated ferritin. The double integral
amounts to 0.9 ± 0.1 S = 1/2 per subunit and its intensity is
within experimental error independent of the time of incuba-
tion with Fe(II) from 0.5 to 48 h. These results suggest to
ascribe the observed EPR signal to the one-electron reduced
ferroxidase center in P. furiosus ferritin. As a further check,
we carried out a two-dimensional binding experiment: ferritin
was loaded aerobically with diﬀerent amounts of Fe(II) and
each individual sample of this binding curve was transferred
to be the starting solution for a redox titration to produce sam-
ples in the mixed-valence state for monitoring by EPR spec-
troscopy. The overall result of 28 separate redox titrations is
given in Fig. 2. This composite experiment aﬀords considerable
scatter in the ﬁnal data, however, the trend of Fig. 2 (solid line)
is consistent with a stoichiometry of approximately 48 ferrox-
idase irons per ferritin, i.e., two Fe per subunit.
3.3. A novel half-integer high-spin signal assigned to a modiﬁed
(Fe3+–Fe2+) cluster
During the equilibrium-titration of the as isolated ferritin a
second signal is observed at intermediate potentials. The ﬁeld
span of the signal is much wider than that of the mixed-valence
S = 1/2 signal. This broad signal is reminiscent of the EPR sig-
nature of the superparamagnetic core in Fe-loaded ferritins
[22]. However, the present signal is essentially diﬀerent on
two counts: (i) it is observed at low temperatures and disap-
pears at high temperatures; (ii) it is observed at intermediate
potentials and disappears at high potentials. The signal has
Fig. 3. Temperature dependence of the broad, high-spin signal from
partially reduced P. furiosus ferritin. EPR conditions: microwave
frequency, 9642 GHz; microwave power, 80 mW; modulation fre-
quency, 100 kHz;modulation amplitude 12.5 G; temperature, 6.8–44 K.
Fig. 4. EPR monitored redox titration of P. furiosus ferritin. The
putative ferroxidase signal (upper trace) was measured as in Fig. 1 and
its amplitude (gz-peak to gxy-trough) was plotted. The broad signal
(lower trace) was measured as in Fig. 3 at a temperature of 26 K.
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At the low temperature of 6.8 K, the spectrum appears to con-
sist of a single asymmetrical line with an eﬀective g-value
approximately 4 and a high-ﬁeld wing extending to circa
8000 G. With increasing temperature the spectrum becomes
less asymmetric and the eﬀective g-value moves towards higher
ﬁeld to approach circa g = 2 at 20 K. There is no intensity
when the spectrometer is switched to parallel-mode, indicating
that the origin of the signal is not an integer spin system. The
complete set of spectra would be consistent with more than
one spin system (S = 3/2 and S = 1/2) over a relatively limited
temperature range, such as a spin ladder from a metal cluster
with relatively small exchange coupling.
The broad signal could be from a diﬀerent form of the ferr-
oxidase center or it could be from a small core structure (i.e.,
not large enough to exhibit superparamagnetism). Against this
latter interpretation argues the following observation: when
apoprotein is loaded with up to 8 Fe per subunit, either via
the aerobic/anaerobic incubation method or by aerobic incu-
bation followed by reductive titration, the broad signal is not
observed. The signal is also not found after incubations of apo-
protein with mixtures of iron/manganese or iron/phosphate
(not shown). The signal is, therefore, putatively ascribed to a
modiﬁed (Fe3+–Fe2+) center resulting from ferritin biosynthe-
sis and partial iron loading in the heterologous host E. coli.
3.4. Redox potentials from (Fe3+–Fe3+) to (Fe2+–Fe2+)
The as isolated protein was titrated reductively with sodium
dithionite and oxidatively with potassium ferricyanide at ambi-
ent temperature (22 C) and pH 7.5. The amplitude of the EPRsignals from the putative ferroxidase mixed-valence cluster and
from the broad signal are plotted versus solution potential in
Fig. 4. The subsequent potentials for the one-electron reduc-
tion of (Fe3+–Fe3+) to (Fe3+–Fe2+) and of (Fe3+–Fe2+) to
(Fe2+–Fe2+) are Em,7.5 = +210 and +50 mV, and are, therefore,
suﬃciently separated to aﬀord almost full (92%) development
of the EPR amplitude around +130 mV. This observation is
the basis for the experiments described above, in which indi-
vidual samples are step-potential titrated to circa +130 mV
for maximal development of the mixed valence ferroxidase sig-
nal. The 2 · 1 electron reduction of the center is fully revers-
ible. Partial reoxidation of the fully reduced cluster with
ferricyanide aﬀords the mixed-valence signal, which disappears
again upon further oxidation. An earlier attempt to reach the
mixed-valence state with dithionite [21] possibly failed because
more than substoichiometric reductant was added.
The plot of EPR amplitude versus redox potential of the
broad signal is remarkably similar to the signal presumably
from the ferroxidase center. There are two reduction potentials
each slightly shifted to more positive values compared to the
ferroxidase signal: Em,7.5 = +240 and +90 mV. Thus, also the
cluster giving rise to the broad signal has three accessible redox
states in the potential range studied consistent with its putative
assignment to a modiﬁed ferroxidase center.4. Discussion
Equilibrium redox titration of proteins in homogeneous
solution monitored by spectroscopy is a well established [9]
and widely employed methodology to determine redox proper-
ties of prosthetic groups. The storage and release of iron in fer-
ritin are redox processes that have been extensively studied
over several decades, however, to our knowledge bulk redox
titrations of ferritin have never been reported. A possible rea-
son for this could be the expectation that reduction of ferritin
would always result in release of iron. On the other hand, X-
ray crystallographic studies have ﬁrmly established that ferri-
tins contain metal centers that are not part of the inner core,
but rather are associated with well deﬁned coordination sites
provided by the internal of the protein subunit, and it seems
reasonable to expect that nature does not synthesize and break
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storage pool. In other words, it can be expected that the ferr-
oxidase center is a stable structure over the time course of enz-
ymological experimentation. The present study suggests that
the dinuclear iron-oxo center can be reduced and reoxidized
on a time scale of minutes to hours without loss of integrity.
To what extent this may also hold for core structures remains
to be explored.
The mode of iron release from ferritin, and in particular the
source of reducing equivalents, is not known. The lowest
reduction potential of the putative ferroxidase center in P.
furiosus ferritin is +50 mV. Under the assumption that reduc-
tion (and subsequent release) of core iron takes place through
the redox-catalytic action of the ferroxidase center, this would
imply that a relatively mild reductant, for example a rubre-
doxin, would be suﬃcient to wire iron release from ferritin
to cell metabolism. However, this conclusion is at variance
with results of earlier studies in which electrochemical reduc-
tion of iron loaded ferritins showed that core reduction occurs
at much more negative potentials typically in the range of 0.2
to 0.5 V [8,13–17]. Therefore, core reduction cannot take
place through the redox-catalytic action of the ferroxidase cen-
ter unless the redox potential of core iron would be modiﬁed
by – yet to be identiﬁed – factors such as Fe(II) complexing
agents.Acknowledgment: This research has been ﬁnancially supported by the
Council for Chemical Sciences of the Netherlands Organization for
Scientiﬁc Research (CW-NWO) under Project No. 700.51.301.References
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